Serum cytokine profiles were evaluated in immunized and nonimmunized human volunteers after challenge with infectious Plasmodium falciparum sporozoites. Three volunteers had been immunized with x-irradiated sporozoites and were fully protected from infection. Four nonimmune volunteers all developed symptomatic infection at which time they were treated.
Introduction
Immune responses to invading organisms have long been known to exert beneficial as well as occasionally harmful effects on the host. In malaria, extensive evidence supports a role for cytokines in both protection from, and immunopathology of, exoerythrocytic (EE)' and blood stage infection.
IFN-y directed at EE stage parasites protects rodents, primates, and in vitro human hepatocytes ( 1) . IL-1, IL-6, and turmor necrosis factor (TNF-a) may also provide protection against EE stage infection (2, 3). IFN-y (4-6) and TNF-a (5, 6) both appear to protect against blood-stage infections, leading to the development of "crisis forms", or damaged intraerythrocytic parasites circulating in the blood. The protective role for these cytokines has been confirmed with parasitized erythrocytes in vitro as well (4, 7) , and they appear to have an inhibitory role in gametocyte infectivity, thereby blocking transmission (8) . In human malaria, no information is available regarding a protective role for cytokines.
Sterile immunity has been induced in animals after their immunization with attenuated sporozoites. Clyde et al. and Riekmann et al. similarly protected volunteers in a series of studies in the 1970's by using x-irradiated sporozoites (reviewed in 9). These studies served as the rationale for subsequent efforts to develop sporozoite-based subunit vaccines. The first generation of these vaccines, based on the immunodominant repetitive epitope of the major circumsporozoite protein, produced only modest protection despite seemingly good humoral responses (9) . In view of the well documented role for cellular immunity and cytokines in antisporozoite protection in rodents and in primates (1) (2) (3) 10) , demonstration of changes in cytokines in protected human volunteers would suggest a similar role in humans.
In terms of immunopathology, cytokines may participate in nonspecific malaria symptomatology (e.g., fever), and in more specific clinical manifestations of malaria such as hemostatic changes, cerebral malaria (1 1-14) , hypergammaglobulinemia, Burkitt's lymphoma (15) , and immunosuppression (16) (17) (18) .
To explore the role of cytokines in the presumed immunopathology of human malaria, investigators have studied serum cytokine levels in a variety of clinical settings in patients with malaria ( 14, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . These studies have been of necessity primarily cross-sectional, done after the onset of symptoms and the initial stages of clinical illness. Such cross-sectional studies have not been designed to recognize preclinical or transient peaks in cytokines, several of which have extremely short serum half-lives ( 19, 23, 24, [36] [37] [38] [39] . The sequential, prospective characterization of cytokine levels during infection with malaria could provide additional insight into their pathogenic role in the disease and might ultimately suggest therapeutic interventions.
We report here our evaluation ofcytokine levels in the sera ofthree immunized and four nonimmunized volunteers before and after they were successfully challenged with infectious Plasmodium falciparum sporozoites. The clinical aspects of this study are described elsewhere (40) .
Methods
Volunteers, immunization, and challenge. Volunteer selection, informed consent, medical screening, immunization, and challenge have all been previously reported (40, 41 ) . The protocol was approved by the Human Volunteer Research Committee ofthe University ofMaryland. Briefly, seven healthy adult males with no prior exposure to malaria were selected. Three (identified as Vol. 2, 3, and 7) were immunized with attenuated P. falciparum sporozoites delivered by the bites of x-irradiated mosquitoes. 25 d after the final immunizing dose, they and four nonimmunized volunteers (Vol. 1, 4, 5, and 6) were challenged with the bites of nonirradiated P. falciparum-infected mosquitoes. Volunteers were closely monitored for the development of signs, symptoms, and parasitemia, as determined by Giemsa-stained thick smears, and retrospectively confirmed by blood culture. Subjects were permitted acetaminophen for symptoms, and were immediately treated with conventional curative doses of chloroquine upon microscopic detection of parasites. Early morning serum samples were collected from all volunteers at -20 time-points, including before challenge, daily for the first 16 d after challenge, and at several additional times through day 28 after challenge. Samples were stored frozen at -20'C and were not thawed more than three times before assay; cytokine levels in serum spiked with recombinant standards were unaffected by repeated cycles of freeze-thawing (data not shown).
Assays. Serum determinations were conducted using commercial ELISA kits according to the manufacturer's instructions. Sensitivity and performance ofthe kits were generally close to manufacturer specifications except as noted: double sandwich-type ELISA methods were used to assay IL-4, IL-6, granulocyte macrophage-colony-stimulating factor (GM-CSF) (Genzyme Corp., Boston, MA; sensitivity 90, 150, and 7.5 pg/ml, respectively; pooled normal serum levels reported by manufacturer as undetectable), TNF-a, IFN-'y (Endogen, Inc., Boston, MA; sensitivity for both 10 pg/ml; detected levels in normal subjects reported by manufacturer as being under 10 and 100 pg/ml, respectively), soluble IL-2 receptor, soluble CD4, and soluble CD8 (sIL-2R, sCD4, and sCD8, respectively) (T Cell Sciences, Inc., Cambridge, MA; sensitivity 50, 12, and 50 U/ml, respectively; detected levels in normal subjects reported by manufacturer as under 477, 62, and 533 U/ml, respectively), and IL-ifl (Cistron Biotechnology, Pine Brook, NJ; sensitivity in our laboratory 30 pg/ml). Competitive ELISA methods were used to assay IL-Ia and IL-2 (Assay Research, Inc., College Park, MD; sensitivity for both 100 pg/ml, detected levels in normal subjects reported by manufacturer as being under 2 and 4 ng/ml, respectively). Samples were run in duplicate, and recombinant standards were included on every plate, from which cytokine concentrations were calculated. Sera from 10 healthy adults were pooled and heat inactivated and were used in kits as blank and/or diluent where indicated by the manufacturer. Sera from immunized and nonimmunized volunteers were generally run concurrently on each plate. Serum C-reactive protein (CRP) levels were determined by radial immunodiffusion (The Binding Site, Ltd., Birmingham, UK; sensitivity 5 mg/liter).
Statistical analysis. Results are expressed as mean values of duplicate determinations; coefficients of variation were generally well under 10%. Undetectable cytokine levels were arbitrarily assigned a value of one half the detection limit for the respective assay. Since published levels for sIL-2R and sCD8 in healthy human controls are variable, but several-fold higher than the limits ofdetection (26, 28-30, 39, 42-45) Fig. 2 . The immunized volunteers had low or undetectable levels of CRP throughout the challenge period. By contrast, the nonimmunized subjects initially had a significantly different pattern (P = 0.0001), initially being undetectable and increasing with time (P = .002). The abrupt increases coincided with the onset offever; furthermore, the magnitude of CRP increase was fully concordant with the degree of fever, with only slightly elevated CRP in the afebrile volunteer (Vol. 1). Of uncertain relevance are small, nonsignificant increases in the levels ofCRP (ranging up to 10 mg/liter) noted on or about four days after challenge in three of four of the nonimmunized subjects (Vol. 1, 4, and 5) and in one of three protected vaccinees (Vol. 7). creased sIL-2R even before challenge but with no clear trend through the challenge period. In the nonimmune, parasitemic volunteers, sIL-2R levels tended to increase; however, neither those increases nor the differences in sIL-2R profiles between the two volunteer groups were significant (P = 0.09 and P = 0.12, respectively). Increases in sIL-2R also were gradual and maximal levels coincided in time with the development of fever, increased CRP, and IFN-y. Serum was not available for sIL-2R determination from nonimmunized volunteer 6 during the fourth week of the trial; concentration in a plasma sample collected 42 d after challenge had fallen to baseline (555 U/ml). Serum TNF-a levels after challenge with virulent P. falciparum. Nonparasitemic volunteers had stable levels of TNF-a throughout the challenge (Fig. 6 ), though for one of the three (Vol. 3), the levels were moderately and persistently high. In two of the four parasitemic volunteers (Vol. 1 and 6), TNF-a levels appeared to increase without a defined pattern from their respective baselines, though as a group, neither these changes nor the differences with the immunized volunteers were statistically significant (P = 0.15 and P = 0.71, respectively). There were no clinically distinctive features in these two individuals, who were the less febrile of the parasitemic subjects. 30 Days After Challenge Figure 1 . Fever curves after challenge with virulent P. falciparum.
Volunteers were immediately treated upon microscopic demonstration of parasitemia in thick blood smears. Symbols at top of figure indicate onset of symptoms (see Table I ) in corresponding volunteers.
Serum IFN-y levels after challenge with virulent P. falciparum. IFN-'y patterns in the two treatment groups were significantly different (P = 0.0002). As shown in Fig. 3 , IFN-y levels in the immunized volunteers were undetectable throughout the challenge period. Levels in the nonimmunized subjects were initially undetectable but increased abruptly with time (P = 0.0001). These increases were also fully concordant with the magnitude of fever and of CRP, but they preceded them by d.
Serum sCD8 and sIL-2R levels after challenge with virulent P. fakiparum. Patterns of sCD8 in parasitemic and nonparasitemic subjects are shown in Fig. 4 . Levels were somewhat erratic in the immunized volunteers but did not change significantly with time. The pattern in parasitemic subjects was significantly different (P = 0.008), though the increases occurring after infection did not reach significance (P = 0.08). Those increases were gradual, and in one subject (Vol. 4), levels transiently increased during the first week after challenge and then increased even more markedly. sCD8 peaks coincided with, and their magnitude was fully concordant with, those of fever, CRP, and IFN-'y among the different volunteers. Fig. 5 shows the kinetics of sIL-2R in the two groups of volunteers. In two ofthree immunized subjects (Vol. 2 Days After Challenge Figure 3 . Serum IFN-,y levels after challenge with virulent P. falciparum. Levels were determined by double sandwich-type ELISA (sensitivity 10 pg/ml). Increases in the nonimmunized volunteers were significant (P = 0.0001), as were differences between the two volunteer groups (P = 0.0002). Symbols and arrow at top of figure as in legend to Fig. 2 .
Serum IL-6 levels after challenge with virulent P. falciparum. For IL-6 (Fig. 7) , profiles of the two volunteer groups differed (P = 0.02). In the case of this cytokine, however, nonimmunized, parasitemic volunteers had undetectable levels throughout the challenge period, whereas two of three vaccinees (Vol. 2 and 3) had variable, abrupt increases within 2 d after challenge that, as a group, did not reach statistical significance (P = 0.06).
Levels ofremaining cytokines after challenge with virulent P. falciparum. Significant temporal changes or differences between treatment groups were not noted for IL-l a, IL-1If, IL-2, IL-4, GM-CSF, and sCD4 (data not shown). Ofnote, however, were increases in IL-4 recorded in only one of three protected vaccinees (Vol. 2) that occurred within 2 d after challenge and that showed a marked covariance with the IL-6 levels in that volunteer (Fig. 8) .
Discussion
The importance of cytokines in the protective and pathologic responses to malaria is reflected in a rapidly growing literature on cytokine levels in malaria patients in a variety of settings ( 14, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . To our knowledge, the current investigation is the first prospective analysis ofserum cytokine networks in vivo in humans during the evolution of an infectious process such as malaria. This paper is also the first one to compare cytokines in immune and nonimmune individuals during the evolution of the protective response.
In the current clinical trial, vaccinees were fully protected from sporozoite challenge, confirming earlier results (reviewed in 9). The irradiated-sporozoite model continues to be the only way by which sterile antisporozoite immunity has been consistently achievable in humans (9) . All nonimmunized subjects developed symptomatic parasitemia. Parasite density was quite low and was not correlated with the degree of fever or symptoms. Ethical considerations dictated prompt treatment of the parasitemic volunteers early in their illness. The studies reported here therefore differ from those done previously in field settings in which cytokirie levels were evaluated in patients primarily after they had become ill ( 14, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) .
As an acute phase reactant, CRP levels have long been known to correlate well clinically with a variety of nonspecific inflammatory and infectious states, often rising within hours of a stimulus (46) (47) (48) . Increased levels of CRP have previously Days After Challenge Figure 6 . Serum TNF-a levels after challenge with virulent P. falciparum. Levels were determined by double sandwich-type ELISA (sensitivity 10 pg/ml). There were no significant temporal changes within volunteer groups (P = 0.71 ) nor significant differences between groups (P = 0.15). Symbols and arrow at top of figure as in legend to Fig. 2 . Days After Challenge Figure 7 . Serum IL-6 levels after challenge with virulent P. falciparum. Levels were determined by double sandwich-type ELISA (sensitivity 150 pg/ml). Profiles of the two volunteer groups were statistically different (P = 0.02). IL-6 increases in vaccinees did not reach statistical significance (P = 0.06). Symbols and arrow at top of figure as in legend to Fig. 2 . (19, 36) . Furthermore, IFN-'y levels determined serially ir serum of infected mice or in supernatants from their spleno cytes had kinetics remarkably similar to those in the human volunteers (4, 6, 57, 58) . In these studies, peak IFN-"y concen trations developed during early parasitemia and declined rap idly before the time of peak parasite density. As in the volunteers, the triggers for the abrupt changes in murine IFN-'y levels remain speculative, but sudden increases in IFN-y levels have been demonstrated in mice in vivo (57) and in vitro (59) aftei schizont release from erythrocytes, suggesting that schizogony may be responsible for the observed surge of IFN--y in the vol.
unteers.
In murine models, IFN-,y appears to be a crucial mediator of cerebral malaria, acting perhaps by boosting the release and the biological effects ofTNF-oa ( 1 1, 13, 60 ). Most investigators have found no correlation of serum IFN-'y levels with parasite density, disease severity, or the occurrence of cerebral involvement in patients with malaria (21, 24, (34) (35) (36) . In the present study, IFN-y levels had normalized in the parasitemic volunteers before parasite density could increase or serious complications could develop, and a triggering role for IFN-y in severe malaria could conceivably be missed in clinical studies due to its transient and early nature. In our volunteers, peak IFN-y concentrations correlated with the degree of fever, preceding it by one day. IFN-y is an endogenous pyrogen (37) ; its role as a chief mediator of fever in the parasitemic volunteers is supported by the concurrent undetectable or uncorrelated levels of other recognized endogenous pyrogens (e.g. IL-1, IL-6, TNF-a).
Neopterin is a guanosine metabolite of IFN-y-activated macrophages. It is being evaluated in urine from patients with malaria as a surrogate marker for serum IFN-'y, with conflicting results (19) (20) (21) . In a separate component of this investigation, serial urine neopterin levels were measured in the seven volunteers (61 ) . Abrupt increases were noted in urine neopterin that followed by one day the increased serum IFN--y levels°t hat we now report. The two volunteers with the highest serum IFN-'y (Vol. 4 and 5) also had the highest levels of urine neopterin, while volunteers 1 and 7 both had increased neopterin levels despite minimal serum IFN-y. The (29) . Levels of sIL-2R may serve as a marker for T cell activation in vivo (62) . Additionally, elevation of sIL-2R levels have been postulated to play a causal role in immunosuppression, a well described phenomenon in malaria ( 17) and certain other disease states (44) . High levels of sIL-2R might bind IL-2, reducing the local concentration of IL-2 available and thereby leading to a downregulation of the immune response ( 17, 44, 62) . Such a process may contribute to the suboptimal natural immunity that develops to sporozoites and to blood-stage malaria in endemic regions. We observed no inverse reduction in serial IL-2 levels as sIL-2R concentrations increased, though the number of volunteers was too small to exclude such reductions with any certainty.
The CD8 glycoprotein is expressed on the surface of MHC class I-restricted cytotoxic and suppressor T cells. Supernatants of CD8+ human cell lines contain high levels of soluble, shortened CD8 (sCD8) (39) . The release of sCD8 is increased upon stimulation in vitro (39) and it is present in high concentrations in sera from patients with various malignant, autoimmune, and infectious processes (39, 45, 63) . The results presented here show a gradual increase in sCD8 concentrations in nonprotected volunteers, reaching peak concentrations at the time of the development of fever and with concordant magnitude. Levels normalized within two weeks after parasitemia. Similar changes in sCD8 levels have been reported recently in patients with malaria (26) . Increased sCD8 levels may be related to malaria-associated immunosuppression, serving as a marker for CD8+ T cell activation (39) , although conflicting results have been reported regarding reversal of malaria immunosuppression after depletion of CD8+ T cells ( 16, 18) . Alternatively, serum sCD8 may be directly immunosuppressive by binding MHC I antigen and thereby interfering with cell-to-cell communication (64) .
We observed TNF-a increases in two of the four parasitemic subjects; these individuals had no distinctive clinical features. The TNF-a increases occurred before the onset of parasitemia and they lacked a defined pattern. There was also an unexplained, but persistent, moderately elevated level of TNFa in one of the three vaccinees that was present even before challenge. Increased levels of TNF-a have been previously observed in healthy persons (65) . The crucial role that TNF-a plays in mediating cerebral malaria, and perhaps other lifethreatening complications of malaria (reviewed in 11, 12) was established in animal models and has been supported by determinations of this cytokine in afflicted patients ( 14, (20) (21) (22) (23) (24) (25) (31) (32) (33) (34) . Most ( 14, 21-25, 31 ), but not all (20, 32, 33) , studies describe correlations ofTNF-a concentrations with fever, parasite density, and indices of disease severity, with increases in a range of several hundred pg/ml in a variable majority of patients experiencing uncomplicated disease. Our results in volunteers with very early disease are not inconsistent with these cross-sectional studies. Of note, several observers have noted rapid declines in those malaria patients with elevated TNF-a (23, 32) , mimicking the rapid declines in TNF-a that have been reported during sepsis (38) . TNF-a, like IFN-7, has a serum half-life measured in minutes to hours (37, 38) , and its release in vitro and in vivo may be related to schizogony (32, 34) . While it is unlikely that we missed TNF-a peaks before the initiation of treatment, it may be possible that more marked and consistent increases would have occurred after IFN--y peaks. In vitro splenocyte release of TNF-a appears to follow that of IFN-'y in experimental murine malaria (6) . Furthermore, transient, dose-dependent spikes of TNF-a follow the administration of rIFN-'y during human phase I trials (37) .
Finally, TNF-a increases in experimental murine malaria are prevented by the monoclonal antibody depletion of IFN-'y (13) . The biological activity ofTNF-a is known to be increased by IFN-'y (60) , but the effects of increased levels of the two cytokines in human malaria remain unknown.
We found no statistical trends in the parasitemic volunteers for any of the other cytokines evaluated. Some of these cytokines, e.g., GM-CSF, IL-1, and IL-6 have been implicated in experimental animal models of complicated malaria, though the data are not as clear as for TNF-a and IFN-'y (reviewed in 11 ). To our knowledge, GM-CSF has never been measured in patients with malaria. IL-l and IL-6 levels are increased in severe malaria (21, 23, 24, 31) and in septic shock (38, 65) , with minimal or no increases in uncomplicated disease. IL-1 and IL-6 levels in our subjects with early disease are consistent with these findings. Of course, undetectable serum levels of these and the other cytokines may reflect their local distribution, phasic release, lack ofadequate ELISA sensitivity, or presence of serum inhibitory factors (65) .
In contrast to parasitemic volunteers, in protected vaccinees only IL-6 had increases approaching statistical significance. Among its potentially protective activities in malaria, IL-6 participates in the establishment of humoral immunity as well as in the acute phase response (50) ; in that respect, the lack of CRP in the subjects with increased IL-6 is ofnote. There is also a suggestion of specific anti-EE stage activity by IL-6 at the hepatocyte level (3) . Increases in IL-6 in vaccinees, if confirmed, could therefore have a protective function.
Functional subsets of CD4' cells called Thl and Th2 cells have been described in mice based on patterns of cytokine secretion; their presence has now been confirmed in humans (66, 67) . Th2 cells secrete IL-, IL-5, IL-6, and IL-10 at the exclusion ofIL-2 and IFN-'y. The covariation ofIL-4 and IL-6 noted here in a single vaccinee might be related to this phenomenon.
The mechanisms for antisporozoite protection in immunized human volunteers remain speculative. Our volunteers had increased levels ofantisporozoite antibodies (40) , and perhaps humoral clearance ofthe sporozoites prevented establishment ofthe hepatic stage and immune recognition ofthe infection. Humoral antisporozoite protection has been demonstrated in mice after passive transfer of immune serum or antisporozoite monoclonal antibody (9); protection of Gambian infants through congenital transfer of antibodies has been suggested as well (9) .
While the lack ofclear-cut trends in cytokines, in particular 
